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Multiferroic quantum criticality in a frustrated spin liquid 
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Dielectric spectroscopy is used to check for the onset of polar order in the quasi one-dimensional 
quantum spin system SUI-CU2CI4 when passing from the spin-liquid state into the ordered spiral 
phase in an external magnetic field. We find clear evidence for multiferroicity in this material and 
treat in detail its H-T phase diagram including the possible manifestation of quantum criticality in 
the dielectric properties. 
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Spin-driven ferroelectrics have turned out to be cor- 
nerstone model systems for multiferroics. After the 
first experimental realization in multiferroic manganites 
[l|, the simultaneous electrical and magnetic ordering in 
these systems has been explained by spin currents l2| 
or by an inverse Dzyaloshinskii-Moriya interaction [3]. 
In both cases a non-collinear helical spin arrangement, 
which breaks the inversion symmetry between neighbor- 
ing spins, is responsible for the generation of a finite po- 
larization obeying strict symmetry constraints with re- 
spect to the spin structure. In many quasi low dimen- 
sional spin systems, specifically in Heisenberg spin chains 
and ladders, the necessary complex non-colinear spin 
structures are often stabilized and enhanced by strong 
quantum spin fluctuations. Indeed ferroelectricity has 
been detected in some antiferromagnetic quantum spin 
chains, e.g., in LiCusOs or LiCuV04 UM- 

In a large class of low-dimensional spin systems, the so- 
called spin liquids^ long range magnetic order is destroyed 
by zero-point quantum spin fluctuations. It would seem 
that such materials are poor candidates for the spin- 
driven ferroelectric effect, as they are not even magnetic. 
Yet, spontaneous magnetic order can be induced in spin 
liquids through the application of an external magnetic 
field. This type of transition in specific systems can be 
described as a Bose-Einstein condensation of magnons [7| 
and has recently attracted a great deal of attention. In 
particular, it was extensively studied in a number of pro- 
totypical spin ladder materials [sMl l| . In the presence 
of geometric frustration of interactions, the high- field 
ordered phase may actually be a complex helimagnetic 
structure, susceptible to reverse Dzyaloshinskii-Moriya 
coupling to the crystal lattice. It stands to reason that 
ferroelectricity will then emerge in a magnetic-field in- 
duced quantum phase transition from a paraelectric spin- 
liquid state. In the present paper we report the observa- 
tion of this remarkable phenomenon in a frustrated quan- 
tum spin ladder material. We further investigate how its 
electric properties are affected in the proximity of the 
quantum critical (QC) point in the corresponding scal- 
ing regime. 



As discussed in detail in Refs. |l2l-ll4J. SUI-CU2CI4 with 



the chemical formula CU2CI4-H8C4SO2 represents a spin 
5 = 1/2 four- leg Heisenberg spin tube with a high de- 
gree of geometric frustration. In this system long-range 
magnetic order cannot be established even at the low- 
est temperatures and the ground state is a spin liquid, 
characterized by activated spin susceptibility and spe- 
cific heat. It is protected from the lowest excited state 
by a small energy gap (A = 0.52 meV). This gap can 
be overcome by a moderate external field that restores 
long range order beyond a critical field He ~ 4 T. Neu- 
tron diffraction has shown that the high-field and low- 
temperature ordered state of SUI-CU2CI4 is an incom- 
mensurate magnetic phase with a planar helimagnetic 
structure [13|, [l^ . Of special interest is the presence of 
a field-induced QC point in this system, which, more- 
over, shows unusual values of the order-parameter crit- 
ical exponents [13]. In the present work, we study the 
dielectric properties of SUI-CU2CI4 close to the QC point 
when passing from the spin liquid into the helimagnetic 
state. We find strong experimental evidence for ferro- 
electricity [15| and, thus, multiferroicity in this material. 
Hence, this system combines two properties that are in 
the focus of current research: multiferroicity and a quan- 
tum phase transition. We study its electric properties 
across the extended H-T phase diagram and discuss the 
possible signature of quantum criticality in the dielectric 
properties of this material. 

Samples of SUI-CU2CI4 were grown from solution as de- 
scribed in detail in [16]. Before the measurements, the 
samples were washed in ethanol to clean the surfaces. 
The crystals are irregularly shaped, oblong platelets with 
faces set up by the a and c axes, the longer dimension 
being the chain axis c. For the dielectric experiments, 
the crystals were brought between two electrodes, which 
were then pressed onto the sample surface. During the 
measurements, the external magnetic field was aligned 
along the crystallographic a direction. The dielectric 
properties were measured at 1 and 10 kHz employing 
a high-precision capacitance bridge (Andeen-Hagerling 
AH27000A). For measurements between 1.5 K and 10 K 
in external magnetic fields up to 14 T, an Oxford cryo- 
stat equipped with a superconducting magnet was used. 



Due to the ill defined sample geometry, the absolute val- 
ues of the dielectric constant have high uncertainties and, 
hence, we only provide the capacitances. Since the sam- 
ples deteriorate over time when exposed to air, several 
crystals from the same batch were used for the experi- 
ments. To compare the result from the different samples, 
scaled plots of the capacitance are shown. The presented 
loss-tangent data are geometry-independent and thus ab- 
solute values can be provided. 

In the high-field phase, the spontaneous helimagnetic 
component of magnetization is confined to a plane per- 
pendicular to the applied field and corresponds to a prop- 
agation vector Q = (-0.22, 0, 0.48) [13]. Given this mag- 
netic structure, an external magnetic field H \\ a induces 
a spin spiral with the spiral axis e\\ H \\ a and the prop- 
agation vector Q close to the (-1, 0, 2) direction. In spin- 
driven multiferroics, macroscopic ferroelectric polariza- 
tion P will appear along exQ and, hence, in SUI-CU2CI4 
we expect to find macroscopic polarization P for mag- 
netic fields larger He close to (0, -2, 0). Therefore for 
the dielectric measurements a contact configuration was 
chosen that leads to an ac electric field perpendicular to 
the a — c plane. 
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FIG. 1. (Color online) Capacitance (scaled to the value at 
4 K) (a) and loss tangent (b) vs. temperature of SUI-CU2CI4 
at a measurement frequency of 1 kHz for various external 
magnetic fields. The lines are guides to the eyes. 

Figure [TJa) shows the capacitance C of SUI-CU2CI4, 
which is a direct measure of the polar susceptibility, as 
a function of temperature, measured at a frequency of 
1 kHz in various external magnetic fields. For T and 



3.5 T the capacitance shows no anomalies and is nearly 
temperature independent. However, it should be noted 
that in zero external magnetic field the capacitance shows 
a crossover from a slight decrease for temperatures below 
about 2.5 K to a nearly constant behavior at higher tem- 
peratures. At 3.5 T, which is close to quantum critical- 
ity, C{T) shown in Fig. [T]^a) remains practically constant 
down to the lowest temperatures accessed in the present 
experiment. At 7 T the capacitance starts to increase sig- 
nificantly below about 1.5 K, signaling the closeness to a 
phase transition. At 10.5 T a well defined anomaly ap- 
pears at 1.7 K which shifts to higher temperatures in fur- 
ther increasing magnetic fields. This anomaly signals the 
transition from the paramagnetic spin-liquid phase into 



the helimagnetic state 



It strongly points to the 



occurrence of ferroelectric polarization, arising simulta- 
neously with the magnetic transition. Similar anomalies 
have been detected in spin-driven multiferroics, specifi- 
cally also in the ^S* = ^ chain cuprate LiGuV04 [6]. In 
conventional ferroelectrics a rather gradual increase at 
the flanks of the C{T) peak, following a Curie- Weiss law, 
is expected. In contrast, the very narrow shape of the 
anomaly observed here and the obvious absence of crit- 
ical fluctuations signal the improper, field-induced type 
of the ferroelectric phase transition. 

In Fig. [IJb) the loss angle tanJ(T) is shown. For 
magnetic fields up to 7 T a strongly scattering, very 
small constant loss is found corresponding to the reso- 
lution limits of the device. However, for higher fields the 
loss rises above background and shows well-defined peaks 
close to the phase transition. Similar behavior was also 
found for LiCuV04 tS] • Neither for C nor tan 6 we found 
any significant frequency dependence. This agrees with 
the expectations for an improper ferroelectric where long- 
range polar order is induced by the onset of spiral spin 
order and no slowing down of polar relaxations should 
occur. The significant, frequency-independent enhance- 
ment of the loss indicates strong fluctuations of the or- 
dering dipoles close to the phase transition, with a broad 
distribution of relaxation times. 

The dielectric response of SUI-CU2CI4 as a function of 
the external magnetic field is shown in Fig. [21 mea- 
sured at 10 kHz and different temperatures between 
1.72 and 2.5 K. The measurements were taken with the 
same configuration of electric and magnetic field as the 
temperature-dependent curves in Fig. [H At 2.5 K and 
fields up to 14 T the capacitance does not show any sig- 
nificant field dependence. For a temperature of 1.98 K 
and below, however, a clear maximum is revealed. It 
shifts towards lower fields with decreasing temperatures. 
These peaks are complementary to the ones detected in 
the temperature-dependent measurements shown in Fig. 
[H In both cases, the anomalies appear at the transition 
between the paramagnetic and paraelectric groundstate 
and the helimagnetic and polar high- field phase. Interest- 
ingly, at fields below the onset of the capacitance peaks. 




FIG. 2. (Color online) Capacitance (scaled to the value at 
14 T) vs. external magnetic field of SUI-CU2CI4 at a measure- 
ment frequency of 10 kHz for several temperatures. 



C{T) still shows a significant field dependence, which is 
weaker than that at the left flanks of the peaks and whose 
origin is unclear. It may be related to QC behavior as 
will be discussed below. 

We also have performed additional measurements of 
the electrical polarization vs. the electric field aiming at 
the detection of polarization hysteresis curves. However, 
no significant non-linear effects in the ferroelectric phase 
were found. Most likely the ferroelectric polarization is 
too low to be detectable and dominated by the paraelec- 
tric background. In this context, we want to stress the 
weakness of the observed anomaly in C{T) (Fig. [B^a)). 
In SUI-CU2CI4 its strength amounts approximately 5 % of 
the background dielectric constant only. For comparison, 
in LiCuV04 it reaches almost 12 % [6J. 
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FIG. 3. (Color online) Critical field He as a function of tem- 
perature. The shown data points were obtained from dielec- 
tric experiments (present work, crosses), neutron- scattering 
(circles [IS])? £^nd specific-heat measurements (triangles [13 
and squares [18]). The solid line represents a critical power- 
law ^] as described in the text. 



The present dielectric results allow us to radically re- 
think th e p reviously published phase diagram of Sul- 
CU2CI4 [13|, ll8|. Figure [3] illustrates the temperature 
dependence of the critical magnetic field He taken from 
Ref. [13| , comprising results from neutron-scattering [13| 
(circles) and specific-heat studies [17|, |l8| (triangles and 
squares). In addition, the results of the temperature- and 
magnetic-field-dependent measurements of the present 
work (Figs. [T]and[2]) are included (crosses). The phase- 
boundary line in Fig. [3] corresponds to the function 
Hc{T) = Hco + 1.565 X T^/^ with a critical field at K of 
Hco = 3.7 T and a critical exponent u = 0.34 [l3|. The 
unusual value of this and other critical indexes, which 
are quite distinct from mean field values expected for a 
Bose-Einstein condensation of magnons, were previously 
attributed to either the chiral nature of the ordered state 
or a dimensional crossover phenomenon [13|- Our dis- 
covery of ferroelectricity of the ordered state suggests 
another intriguing explanation: The transition may, in 
fact, be in an entirely different universality class from 
Bose-Einstein condensation, as it involves a joint magne- 
toelectric order parameter. 

It is well known that close to a QC point, materials 
show unique properties, whose experimental characteri- 
zation and theoretical explanation is a very active field 
of current research [l9[. This happens in a "V-shaped" 
region in the phase diagram, the tip of the "V" being 
centered at the QC point at zero K [19]. As mentioned 
above, the present dielectric results on SUI-CU2CI4 show 
two unexplained features: (i) The crossover of C{T) at 
T from an increase at T < 2.5 K to a temperature- 
independent behavior at higher temperatures while C{T) 
at 3.5 T remains constant in the whole temperature re- 
gion (Fig. HJa)). (ii) The increase of C{H) at low mag- 
netic fields, even below the peak-shaped anomaly that 
arises from the transition into the magnetically ordered 
state (Fig. [2]). Could these anomalous findings, docu- 
mented in more detail in Figs. lU^a) and (b), signify a mul- 
tiferroic QC regime? In Fig. HJ^c), we have included the 
onsets of these anomalies in the T(i7)-phase diagram of 
SUI-CU2CI4 (red star and green circles). It also shows the 
peak positions in C(T) and C{H) (crosses) and the crit- 
ical law (dashed line [13]) as already provided in Fig. [H 
The red shaded area in Fig. Hl^c) is a tentatively proposed 
"V-shaped" QC region, which could explain these anoma- 
lies: The red star signifies the transition from the spin 
Hquid at low temperatures to the QC regime with nearly 
constant C{T). At 3.5 T, the sample should stay in this 
regime down to zero temperature, consistent with C{T) 
remaining constant at all temperatures in Fig. HJ^a). In 
the magnetic-field sweeps, the gradual increase of C{H) 
at low fields (Fig. lU^b)) arises in the QC regime and 
shows up before the onset of multiferroic order (green 
circles) leads to the stronger increase towards the capac- 
itance peaks at the phase transition (crosses). We want 
to emphasize that Fig. HJ^c) provides a plausible scenario. 
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FIG. 4. Temperature (a) and magnetic field dependence (b) of 
tiie relative capacitance at selected fields and temperatures, 
respectively. The red and green arrows indicate anomalies 
that may be related to the transition into the QC regime. The 
corresponding T{H) values are shown as red star and green 
circles in (c) together with the peak positions (e.g., black 
arrows in (b)) as already shown in Fig. [3] (crosses). Frame 
(c) provides a T{H) phase diagram of SUI-CU2CI4 including a 
suggested QC regime indicated in red. The dashed line is the 
critical law based on low-field / low-temperature data [ij] as 
also shown in Fig. [S] 



which may be further corroborated by measurements at 
different (especially lower) temperatures and fields. How- 
ever, one should be aware that magnetic-field dependent 
dielectric measurements at these sub-He temperatures 
are a non-trivial task, which is further hampered by the 
rapidly deteriorating samples. In addition, at present 
there is practically no theoretical guidance available to 
understanding quantum phase transitions and criticality 
in ferroelectric systems. Thus, we hope that the present 
study will stimulate both experimental and theoretical 
research in that direction. 

In summary, significant anomalies were found in 
both temperature- and magnetic-field-dependent mea- 
surements of the dielectric properties of SUI-CU2CI4. 
They provide strong evidence for polar order and multi- 
ferroicity in this compound and comply with the symme- 
try constraints for ferroelectricity driven by helimagnetic 
spin order. Just as for the magnetic degrees of freedom, 
the electrical ordering is only observed under the applica- 
tion of external magnetic fields and is suppressed in zero 
field. Finally, we have observed unusual crossover effects 



in the temperature and magnetic-field dependence of the 
dielectric properties of SUI-CU2CI4, which points to the 
onset of QC behavior close to the spin-liquid to multifer- 
roic quantum phase transition. 
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